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To further characterize the humoral immune response of pigs to porcine reproductive and respiratory syndrome
virus (PRRSYV), direct enzyme-linked immunosorbent assays (ELISA) were used to study the Kinetics of antibody
responses directed against PRRSV nonstructural proteins in pigs experimentally exposed to the virus. The highest
immunoreactivities were against nspl, nsp2, and nsp7. Using the recombinant nsp7 as an antigen, we validated a
dual ELISA for the simultaneous detection and differentiation of serum antibodies against type I and type II
PRRSYV. Receiver operating characteristic analysis based on 1,334 known-positive and 1,357 known-negative sam-
ples showed good specificity (98.3% to type I and 99.3% to type II) and sensitivity (97.4% for type I and 99.8% for
type II). To differentiate type I and type II PRRSV, 470 sera originating from experimentally inoculated pigs were
tested, and positive sera were correctly differentiated in 469 of 470 samples. The capability of the nsp7 dual ELISA
to detect serum antibody responses from pigs infected with various genetically different field strains was determined.
The nsp7 dual ELISA possessed 97.6% agreement with the Idexx HerdChek PRRS 2XR ELISA. In further testing
of Idexx ELISA suspected false-positive samples, the nsp7 dual ELISA resolved 98% of the samples as negative.
Taken together, these results indicate that the nsp7 dual ELISA can be used as a differential test for PRRSV
serology with high levels of sensitivity and specificity. This ELISA offers an additional tool for routine or follow-up

diagnostics, as well as having substantial value in epidemiological surveys and outbreak investigations.

Porcine reproductive and respiratory syndrome (PRRS)
continues to be one of the most devastating diseases of swine
throughout the world. The etiological agent, PRRS virus
(PRRSV), is classified in the genus Arterivirus, family Arteri-
viridae, order Nidovirales. Nucleotide sequence comparisons
show that PRRSV can be divided into distinct European (type
I) and North American (type II) genotypes, which share only
about 63% nucleotide identity at the genomic level (1, 23).
PRRSYV is a small enveloped virus containing a positive-sense,
single-stranded RNA genome about 15 kb in length, which
contains nine known open reading frames (ORFs). The repli-
case-associated genes, ORF1a and ORF1b, are located on the
5" end of the genome and encode the polyproteins ppla and
pplab. ppla is predicted to be cleaved at eight sites to form
nine nonstructural proteins (nsp): nspla, nspl@, and nsp2 to
nsp8 (6, 31). Proteolytic cleavage of the ORF1b portion of
pplab generates products nsp9 through nsp12 (34). The prod-
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ucts derived from ppla possess proteolytic activities and are
responsible for processing the other nsp cleavage products,
whereas nsp9 to nsp12 are involved in virus transcription and
replication (11, 31, 34). The 3’ end of the genome encodes four
membrane-associated glycoproteins (GP2, GP3, GP4, and
GP5; encoded by subgenomic [sg] mRNASs 2a and 3 to 5), two
nonglycosylated membrane proteins (E and M; encoded by sg
mRNAs 2b and 6), and a nucleocapsid (N; encoded by sg
mRNA 7) (2, 17, 18, 19, 20, 21, 31, 32, 35, 36).

Serological testing to determine the PRRS status of herds
and individual animals is a cost-effective tool in management
strategies for monitoring and controlling PRRS. A large body
of information shows that N is the most immunogenic protein
and an ideal target for the serological detection of infected pigs
(3, 5, 9, 29). Currently, the Idexx HerdChek PRRS 2XR en-
zyme-linked immunosorbent assay (ELISA), based on PRRSV
N as the antigen, is widely used for the detection of antibodies
produced in response to infection with North American type II
or European-like type I PRRSV. However, individual unex-
pected positive Idexx ELISA results in otherwise seronegative
herds have caused great concern, which requires the use of
alternative antigens as more accurate indicators of infection.
Previous studies from our laboratory and others showed that
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TABLE 1. Primers for PRRSV ELISA antigen expression

Nucleotide location in the Predicted recombinant-nsp

Protein® enome” (amino acid Primer sequences®
¢ location( in ppla) mass (kDa) a

NA nspl 191-1339 (1-383) 42,950 F: 5" CGC GGA TCC TCT GGG ATA CTT GAT CGG TG
R: 5" CCG CTC GAG GCC GTA CCA CTT GTG AC

NA nsp2P 1340-3495 (384-1101)11 78,106 F: 5" CGC GGA TCC GCT GGA AAG AGA GCA AG
R: 5" CCG CTC GAG TCG AGT ATC ATT TTT GGG AGG AAC

NA nsp4 5618-6229 (1810-2013) 21,043 F: 5" CGC GGA TCC GGT GCT TTC AGA ACT CGA AAG CC
R: 5" CCG CTC GAG TTC CAG TTC AGG TTT GGC AGC

NA nsp7 6788-7564 (2200-2458) 28,620 F: 5" CGC GGA TCC TCT CTG ACT GGT GCC CTC GCT ATG
R: 5" CCG CTC GAG TTC CCA TTG AAC TCT TCC AT

EU nsp7 6417-7223 (2066-2334) 29,460 F: 5" GGA ATT CTC CCT GAC GGC TGC TCT AGC TTG
R: 5" GTG CTC GAG TTT CAA GGC AGT TGT CAG GCT TGG

NA nsp8 75657696 (2459-2502) 4,872 F: 5" CGC GGA TCC GCT GCA AAG CTT TCC GTG G
R:5

" CCG CTC GAG GTT TAA ACA CTG CTC CTT AGT C

“ NA, North American genotype (type 1I); EU, European genotype (type I).

® The numbers correspond to positions within the genome of type IT PRRSV, VR2332 (GenBank accession number U87392) or type I PRRSV, SD01-08 (GenBank

accession number DQ489311).
¢ Restriction enzyme sites are boldface and italicized. F, forward; R, reverse.

certain nsps, such as nsp2, are highly immunogenic (7, 13, 24,
25). The purpose of this study was to evaluate the humoral
immune response of PRRSV-infected pigs to each of the nsps
encoded by the ORF1a region of the viral genome. The kinet-
ics of the appearance of a specific antibody response to each of
the nsps was investigated in pigs experimentally infected by
PRRSV. A highly immunogenic nsp, nsp7, was further evalu-
ated to determine the feasibility for serology diagnostic-assay
development.

MATERIALS AND METHODS

Viruses and cells. MARC-145 cells were cultured in minimal Eagle’s medium
(Gibco BRL Life Technologies) with 10% fetal bovine serum and antibiotics
(100 units/ml penicillin, 20 pg/ml streptomycin). The cells were maintained at
37°C in a humidified 5% CO, incubator. PRRSV strains SD01-08 (type I) and
'VR2332 (type IT) were propagated on MARC-145 cells using a method described
previously (15).

Antigen production. Recombinant proteins were generated using SD01-08
(type I) and VR2332 (type II) isolates. Based on the study of equine arteritis
virus, the PRRSV ORFla-encoded ppla is predicted to be cleaved into eight
products, nspl to nsp8 (31). nsp3 and nsp5 possess several predicted, nonimmu-
nogenic hydrophobic domains, so they were not considered further. nsp6 is
predicted to contain only 16 amino acids. A synthetic peptide made from these
16 amino acids was tested against sera from experimentally infected pigs. When
used in an ELISA format, there was no detectable antibody response. Therefore,
only PRRSV nspl, nsp2, nsp4, nsp7, and nsp8 were considered in this study.
These nsp regions from VR2332 were expressed as recombinant proteins in the
pET-24b vector (Novagen) based on predicted cleavage sites (Table 1). Since
nsp2 was expressed at low levels due to a C-terminal hydrophobic region, a
C-terminally truncated portion was produced (13). Primers for amplifying each
of the nsps are listed in Table 1. The nsp7 encoding regions amplified from
SD01-08 were cloned in the pET-28a(+) vector (Novagen). Recombinant pro-
teins were expressed and purified as we described previously (9, 13). Purified
fusion proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and Western blotting as described previously (13).

Serum samples. For type I PRRSV, a panel of serum samples (n = 320) from
32 pigs experimentally inoculated with one of four different type I PRRSV
isolates, SD01-07, SD01-08, SD02-11, or SD03-15 (16), was used. They were
collected at 7-day intervals for up to 85 days postinoculation. For type Il PRRSV,
serial serum samples (n = 1,014) were obtained from 109 pigs experimentally
infected with type II PRRSV strain VR2332. They were collected at 7-day
intervals for the first 2 weeks and then at 14-day intervals for up to 202 days
postinoculation. In addition, 1,357 known-PRRSV-negative samples were ob-
tained from negative control experimental pigs.

All of these serum samples, including 320 samples from type I PRRSV-
infected animals, 1,014 samples from type II PRRSV-infected animals, and 1,357

samples from negative control animals, were used for validation of the nsp7-
based ELISA. Among these 1,014 samples from type II PRRSV-infected ani-
mals, 510 serum samples were used for determining the kinetics of serological
responses against ppla proteins. To determine the ability of the nsp7-based
ELISA to differentiate type I and type II PRRSV, a total of 470 known-positive
samples were tested with 215 samples from the type I virus-infected pigs and 255
samples from the type II virus-infected pigs.

In addition to samples of known status, the nsp7-based ELISA was evaluated
using field samples, i.e., 1,107 serum samples collected from 2007 to 2008 from
30 different farms in 10 different states (Minnesota, Colorado, South Dakota,
Wisconsin, Illinois, Wyoming, Iowa, Kentucky, Nebraska, and Missouri). These
samples were also assayed in the Idexx PRRS ELISA at the South Dakota
Animal Disease Research and Diagnostic Laboratory (SD ADRDL). In addi-
tion, 100 Idexx ELISA suspected false-positive samples were also obtained from
the SD ADRDL and tested in the nsp7-based ELISA.

PRRSV nsp antigen-based ELISA. The nsp antigen-based ELISA was per-
formed using Immulon 2 HB 96-well microtiter plates (Thermo Labsystems,
Franklin, MA). A single lot of internal quality control serum samples, generated
from experimentally infected pigs, was used to establish the standards for high
positive (optical density [OD], ~1.9 to 2.1), low positive (OD, ~0.6 to 0.7), and
negative (OD, <0.2). The optimal dilution of the recombinant protein was
experimentally determined so that the control serum sample generated an OD as
the established standard. The recombinant protein was diluted in 15 mM sodium
carbonate-35 mM sodium bicarbonate (ACB), pH 8.8. The plates were coated
with 100 pl (~2 pg/ml) of the diluted protein in lanes 1, 3, 5, 7, 9, and 11. Lanes
2,4, 6,8, 10, and 12 were coated with 100 wl of ACB as a background control.
For the nsp7-based ELISA, lanes 1, 4, 7, and 10 were coated with type I PRRSV
nsp7 antigen, lanes 2, 5, 8, and 11 were coated with type I PRRSV nsp7 antigen,
and lanes 3, 6, 9, and 12 were coated with ACB as a background control. The
plates were incubated for 1 h at 37°C and then blocked with 10% (wt/vol)
powdered dry milk in phosphate-buffered saline (PBS) containing 0.05% Tween
20 (PBST) at 4°C overnight. The following day, the plates were washed with 300
wl of PBST. Test and control sera were diluted 1:50 with PBST containing 5%
milk in PBST, and 100 pl of the dilution was added to the well. The plates were
incubated for 1 h at 37°C and then washed, and 100 pl of goat anti-swine
horseradish peroxidase conjugate (KPL, Gaithersburg, MD) was added to all
wells. The plates were incubated for 1 h at 37°C and washed, and then 100 pl of
2,2"-azinobis(3-ethylbenzthiazolinesulfonic acid) (ABTS) peroxidase substrate
(KPL, Gaithersburg, MD) was added to all of the wells. Color development was
observed until the positive control reached a standard OD and was then stopped
by the addition of 100 pl of ABTS stop solution (KPL, Gaithersburg, MA). Color
development was quantified by reading it at 405 nm with an EL800 microplate
reader (BioTek Instruments Inc., Winooski, VT) controlled by XChek Software
(Idexx Laboratories). The raw plate data were copied to an Excel spreadsheet to
calculate the sample-to-positive (S/P) ratios using the following formula: S/P =
(OD of sample — OD of buffer)/(OD of positive control — OD of buffer).
Statistical analysis was performed using GraphPad InStat version 3.06 (Graph-
Pad Software, San Diego, CA). The correlation of determination between mean
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S/P ratios was analyzed using Pearson R correlation analysis assuming Gaussian
distribution of the data.

Validation of nsp7-based ELISA. (i) Cutoff determination, diagnostic sensi-
tivity, and diagnostic specificity. To accurately assess the diagnostic sensitivity
and diagnostic specificity of the nsp7 ELISA, 2,691 serum samples from individ-
ual animals with established PRRSV status were analyzed using the nsp7 dual
ELISA and the Idexx ELISA. The negative-testing (noninfected) validation
population was composed of samples from individual animals of negative control
groups. The positive-testing (infected) validation population was composed of
samples from experimentally infected animals (see “Serum samples” above).
Receiver operating characteristic (ROC) analysis methodology assessment was
performed using GRAPH ROC software version 2.0 (14; http://members.tripod
.com/refstat/GraphROC.htm).

(ii) Measurement of repeatability. The repeatability of the nsp7 dual ELISA
was assessed by running the same lot of internal quality control sera. The
within-plate precision was calculated from 40 replicates on one plate, within-run
precision was calculated using one serum on 10 plates in one run, and between-
run precision was calculated from at least one serum in 10 different runs. Means,
standard deviations, percent coefficient of variation (%CV) values, and Levey-
Jennings control charts were calculated using Control Chart Pro Plus software
version 7.12.24 (ChemSW).

(iii) Calculation of r. For each positive sample, a reactivity ratio (r) value,
representing the log;, of the ratio obtained by dividing the S/P ratio observed in
the type I nsp7 ELISA by the S/P ratio observed in the type II nsp7 ELISA, was
calculated. Thus,  values of >0 represent positives in the type I nsp7 ELISA, and
r values of <0 represent positives in the type II nsp7 ELISA.

Immunofluorescence assay (IFA). MARC-145 cells were grown in cultures for
3 to 4 days to confluence on 96-well cell culture plates (BD Biosciences, San Jose,
CA). Every other lane was infected with PRRSV (5 X 10° 50% tissue culture
infective doses/ml), and the plates were incubated for an additional 18 to 24 h.
The plates were then fixed with 300 wl of 50% (vol/vol) acetone/methanol per
well for 20 min at —20°C, air dried, and frozen with a desiccant at —20°C until
they were used. Serum samples to be assayed were diluted 1:20 and 1:40 with
PBS, and 100 wl of each dilution was transferred to paired wells of PRRSV-
infected and uninfected MARC-145 cells. The plates were incubated at 37°C for
1 h and then washed three times with 300 wl of PBS. Then, 30 pl of fluorescein
isothiocyanate-labeled goat anti-swine immunoglobulin G (41.7 pg/ml; KPL) was
added to each well. The plates were incubated at 37°C for 1 h and washed with
PBS three times. The cells were examined for specific fluorescence with an
inverted microscope and a UV light source (Nikon Eclipse TS100).

RESULTS

Antigen production. DNA fragments corresponding to all or
portions of nspl, nsp2, nsp4, nsp7, and nsp8 from type II
PRRSV VR2332 and nsp7 from type I PRRSV SD01-08 were
cloned and expressed in Escherichia coli. nsp4, nsp7, and nsp8
were expressed at high levels and could be purified in soluble
forms. In contrast, recombinant nspl and nsp2 formed inclu-
sion bodies, and a protein-refolding step was performed. The
purities of the recombinant proteins were evaluated using so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis fol-
lowed by Coomassie blue staining. As shown in Fig. 1, all of the
His-tagged recombinant proteins migrated according to their
predicted sizes, listed in Table 1. The identity of each protein
was confirmed by Western blot analysis with monoclonal anti-
His antibody and the specific swine antiserum (data not
shown).

Determining the Kkinetics of serological responses against
ppla proteins. Testing of the serological responses to nspl,
nsp2, nsp4, nsp7, and nsp8 was conducted using 510 serum
samples that were collected from 30 pigs experimentally in-
fected with the type IT isolate VR2332. As shown in Fig. 2, nsp4
reacted weakly with the swine immune sera. Nsp8 had a lower
antibody response than nspl, nsp2, and nsp7, and the titer
dropped after 98 days postinoculation. nspl, nsp2, and nsp7
reacted strongly with pig immune sera. The antibodies specific
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FIG. 1. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
of recombinant PRRSV nsp preparations, followed by Coomassie blue
staining. The left lane shows the protein molecular mass standard; the
remaining lanes represent nspl, nsp2, nsp4, nsp7, and nsp8 prepara-
tions, as indicated. NA, North American genotype (type II); EU,
European genotype (type I). Note that nspl is further cleaved into
nspla and nsp1p subunits (6, 13). Intact nsp1 and 26-kDa nsp1p eluted
from the immobilized metal affinity column are shown in the second
lane from the left.

to these proteins were detected as early as 14 days postinocu-
lation, and the responses lasted more than 202 days postinocu-
lation. Interestingly, there was a decrease of antibody titer to N
protein over time after 126 days postinoculation, while the
antibody titers of nspl, nsp2, and nsp7 remained relatively
high. We further performed detailed comparisons of these
three antigens, including their sensitivities to early seroconver-
sion and correlation with N protein, which is the antigen used
in the Idexx HerdChek PRRS 2XR ELISA. At 7 days post-
inoculation, all samples tested negative (S/P < 0.2) by all
antigens. At 14 days postinoculation, approximately 65% of the
samples were detected as seropositive (S/P > 0.5) by all
ELISAs; at 21 days postinoculation, all samples were identified
as positive (S/P > 0.5) irrespective of the antigen used for
detection (Table 2). The correlation between the PRRSV nsp
ELISA and the Idexx ELISA was evaluated using Pearson R
correlation analysis. During the first 126 days postinfection, the
ELISA results from nsp2 and nsp7 correlated well with those
of the Idexx ELISA (R = 0.91 between nsp2 and Idexx; R =
0.84 between nsp7 and Idexx). In contrast, statistical correla-
tion of the nspl ELISA to the Idexx ELISA was 0.57, which is
lower than those of nsp2 and nsp7.

Cutoff determination, diagnostic sensitivity, and diagnostic
specificity of nsp7-based ELISA. An nsp7-based ELISA was
chosen to be further evaluated as a serology diagnostic assay
for detection and differentiation of type I and type II PRRSV.
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FIG. 2. Kinetics of antibody response to PRRSV nsps. Pigs were experimentally infected with type II PRRSV, VR2332. The serum samples
were from 0 to 202 days postinoculation (DPI) as indicated. For nsp4 and nsp8, serum samples from 10 pigs were tested; for nsp1, nsp2, and nsp7,

serum samples from 30 pigs were tested.

The robustness and repeatability of the nsp7-based ELISA
were assessed to determine its potential for diagnostic appli-
cation. Recombinant nsp7 antigens were prepared from the
type I virus, SD01-08, and the type II virus, VR2332. Serum
samples from a known-positive population (type I and type II
PRRSYV infected) of 1,334 animals and 1,357 serum samples
from a known-negative population (non-PRRSV infected)
were analyzed with the nsp7-based ELISA and the Idexx
ELISA. GRAPH ROC software was used for ROC analysis of
nsp7-based ELISAs to determine an optimized cutoff that
maximized both the diagnostic specificity and the diagnostic
sensitivity of the assays (Table 3). An optimized cutoff that
maximized the efficiency of the assay was calculated at an S/P
of 0.51 for the type I nsp7 ELISA and an S/P of 0.52 for the
type II nsp7 ELISA (Fig. 3). A diagnostic sensitivity of 97.4%
(95% confidence interval, 94.4% to 99.1%) and a correspond-
ing diagnostic specificity of 98.3% (95% confidence interval,
94.1% to 98.7%) were calculated for the type I nsp7 ELISA,
while a diagnostic sensitivity of 99.8% (95% confidence inter-
val, 99.4% to 100%) and a corresponding diagnostic specificity
of 99.3% (95% confidence interval, 97.1% to 99.5%) were
calculated for the type II nsp7 ELISA. When the cutoff (S/P =
0.4) determined by Idexx was used, the diagnostic sensitivity

TABLE 2. Comparison of seroconversion detected by PRRSV nsp
ELISA and Idexx ELISA

No. of seropositive® animals detected/total no.
of experimental animals

ELISA method
7" 14 21
nspl 0/30 22/30 30/30
nsp2 0/30 21/30 30/30
nsp7 0/30 23/30 30/30
Idexx 0/30 23/30 30/30

“ An S/P value of >0.5 is considered seropositive for nsp ELISAs, while an S/P
value of >0.4 is considered seropositive for Idexx ELISA.
® Days postinfection.

was 97.4% (95% confidence interval, 86% to 99.9%) and the
diagnostic specificity of the Idexx ELISA was 99.6% (95%
confidence interval, 97.8% to 99.9%). These results indicate
that the nsp7-based ELISA is very comparable to the Idexx
ELISA.

Repeatability of the nsp7-based ELISA. The precision levels
of the Idexx ELISA and the nsp7-based ELISA were compared
using internal-control sera. The %CV was calculated using the
protocol described previously (9). The Idexx ELISA within-plate
%CV was 7.1, the %CV between plates in one run was 11.9, and
the %CV between runs was 14.8. The nsp7-based ELISA appears
to have variability similar to that of the Idexx ELISA. The type I
nsp7 ELISA within-plate %CV was 6.5, the %CV between plates
in one run was 11.9, and the %CV between runs was 17.1, while
the type II nsp7 ELISA within-plate %CV was 2.3, the %CV
between plates in one run was 5.4, and the %CV between runs
was 9.5 (Table 4). These results suggest that the nsp7-based
ELISA is highly repeatable in diagnostic applications.

Application of nsp7-based ELISA for the differentiation of
type I and type II PRRSV. To determine if the nsp7-based
ELISA can be used to differentiate the serum antibodies pro-
duced in response to infection with type I and type II viruses,
a total of 470 known-positive samples were tested. The results

TABLE 3. Comparison of sensitivity and specificity of nsp7 dual
ELISA and Idexx ELISA for detection of antibodies against
types I and II PRRSV

Value (95% CI) for ELISA
Characteristic

Idexx Type I nsp7 Type 1I nsp7
Optimized cutoff 0.4 0.51 0.52
(S/P)
Diagnostic 97.4 (86-99.9)  97.4 (94.4-99.1) 99.8 (99.4-100)
sensitivity (%)
Diagnostic 99.6 (97.8-99.9) 98.3 (94.1-98.7) 99.3 (97.1-99.5)

specificity (%)
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FIG. 3. Two-graph ROC plot of the PRRSV nsp7-based ELISA. The graphs were calculated using 965 (type I nsp7) and 1,726 (type II nsp7)
individual animal serum samples and GraphROC software. The downward-pointing histogram on the left side of the figure represents the
uninfected animals, and the upward-pointing histogram on the right side of the figure represents the PRRSV-infected animals. The green line
represents the diagnostic sensitivity (D sens) of the assay as the cutoff S/P ratio is moving from 0 to 2.7. The red line represents the diagnostic
specificity (D spec) of the assay as the cutoff S/P ratio is moving from 0 to 2.7. The black dotted vertical line represents the optimized cutoff value
of 0.51 (type I) (A) and 0.52 (type 1I) (B), which corresponds to the maximum diagnostic sensitivity and specificity.

showed that all of the samples from type I virus-infected pigs
tested positive using the type I nsp7 ELISA (S/P > 0.51), and
no specific antibody responses were detected in serum samples
from type I PRRSV-infected animals in the type II nsp7
ELISA (S/P < 0.52) (Fig. 4). Similarly, 254 out of 255 samples
from type II virus-infected pigs tested positive using the type II

nsp7 ELISA (S/P > 0.52), and only one sample from type II
PRRSV-infected animals tested positive in the type I nsp7
ELISA (S/P > 0.51) (Fig. 4). These results indicate that the
nsp7-based ELISAs are specific for identifying the antibody
response within the genotype and are capable of differentiating
antibody responses to type I and type II PRRSV infections.
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TABLE 5. Evaluation of field sera and samples with Idexx ELISA
unexpected positive results using the nsp7 dual ELISA

Repeatability results (%CV)*

ELISA
Within plate Within run Between runs
Idexx 7.1 11.9 14.8
Type I nsp7 6.5 11.9 17.1
Type 1I nsp7 2.3 54 9.5

“ The values listed are %CVs of high-level positive internal control serum.

Comparison of the nsp7-based ELISA with the Idexx ELISA
for the detection of pigs infected with field viruses. We used a
broad spectrum of field serum samples (1,107 samples) sub-
mitted to the SD ADRDL to determine if the nsp7-based
ELISAs could be applicable for detecting the serum antibody
responses of pigs infected with various genetically different
field strains. Since the sources of field serum samples were
unknown (i.e., whether pigs were infected by type I or type II
PRRSV), we used antigens from both type I and type II
PRRSV and designated this test the nsp7 dual ELISA. When
comparing the nsp7 dual ELISA with the Idexx ELISA, 490
out of 502 (97.6%) Idexx-positive samples were tested as pos-
itive by the nsp7 dual ELISA, and 590 out of 605 (97.5%)
Idexx-negative samples were tested as negative by the nsp7
dual ELISA. We further investigated the application of the
nsp7-based ELISA in samples with unexpected positive Idexx
results. An unexpected positive result was defined as Idexx
positive but negative when tested by IFA with no evidence of
exposure to PRRSV. One hundred samples with suspected
false-positive Idexx ELISA results were obtained from the SD
ADRDL, and these samples were verified by IFA as seroneg-

-
@
n

S o

Percentage

%
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No. nsp7

Serum Results Total no. of No. @exx No. IFA dual-
group T samples positive  positive*  ELISA
positive

1 Idexx positive” 502 502 NA 490

2 Idexx negative® 605 0 NA 15

3 Unexpected Idexx 100 100 0 2

ELISA positive”

“ NA, not applicable. IFA was not performed for these samples.
97.6% tested positive in nsp7 dual ELISA.
€97.5% tested negative in nsp7 dual ELISA.
4 98% showed negative in nsp7 dual ELISA.

ative. The nsp7 dual-ELISA results showed that 98 samples
(98%) tested as negative (Table 5).

DISCUSSION

The current study aimed to determine the humoral immune
response to the PRRSV nsps and to develop new tools for
identification of PRRSV-infected animals. Previous studies of
the humoral immune response to PRRSV focused mainly on
detection of antibodies to viral structural proteins, especially N
(9, 22, 26, 29). Several studies showed that certain nsps, such as
nspl and nsp2, are highly immunogenic (4, 7, 13, 24, 25).
Antibody responses to linear epitopes in nsp2 have been re-
ported to appear within 1 to 4 weeks of infection in type I and
type II PRRSYV strains (4, 24, 25). Johnson et al. (13) observed
robust and rapid cross-reactive antibody responses induced by
nspl and nsp2 to vaccine and field isolates and substantially
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FIG. 4. Differentiation of type I and type II PRRSV using the nsp7 dual ELISA. The distributions of individual samples with S/P values above
the cutoff in the type I and type II nsp7 ELISAs are shown according to the calculated r values. The percentage of serum samples compared to
the total number of positive sera in each test is shown on the vertical axis. For each positive sample, an r value, representing the log,, of the ratio
obtained by dividing the S/P ratio observed in the type I nsp7 ELISA by the S/P ratio observed in the type II nsp7 ELISA, was calculated. Thus,
r values of >0 represent positives in the type I nsp7 ELISA, and r values of <0 represent positives in the type II nsp7 ELISA.
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higher levels of immunoreactivity related to conformational
epitopes. In this study, our data demonstrated that nsp7 is also
highly immunogenic. Analysis of the kinetics of antibody re-
sponse showed that response to nsp7 is comparable to antibody
responses to nspl and nsp2, as well as antigens used in the
commercial Idexx ELISA. As indicated by Johnson et al. (13),
nsps are available from the earliest time of infection for pre-
sentation to the immune system in the context of major histo-
compatibility complex class I antigen presentation pathways.
As cytolytic infection also releases viral proteins into intersti-
tial spaces, it is hypothesized that a pronounced antibody re-
sponse, equivalent to the immune response to structural pro-
teins, would be generated to nsps. One intriguing feature of the
antibody response to nsp antigens was the sustained antibody
titers over a 202-day period of infection, while the antibody
response to Idexx antigen, N protein, showed a gradual decay
in titers after 126 days postinoculation. The mechanism for
sustained levels of nsp antigen may reflect the long-term re-
tention and presentation of nsp to the immune system.

To select an antigen for diagnostic-test development, we
compared the correlation between the PRRSV nsp ELISA and
the Idexx ELISA. Our results showed that nsp2- and nsp7-
based ELISAs had higher correlation with the Idexx ELISA.
We further compared the amino acid sequences of nsp2 and
nsp7. Our previous studies showed that the PRRSV nsp2 re-
gion is highly variable within and between genotypes, with
70.6% to 91.6% amino acid identity within type I PRRSV and
74.9% t0 95.6% amino acid identity within type II PRRSV, but
only 33.8% identity between type I and type II genotypes (7, 8,
23, 28). The central region of nsp2 contains hypervariable
domains with insertions and deletions (10, 12, 27, 30, 33), and
most identified B-cell epitopes are located in these regions (4,
24). In contrast, nsp7 is relatively conserved within each geno-
type and is divergent between genotypes. Amino acid sequence
comparisons showed that nsp7 shares 96.7% to 97.4% amino
acid identity within type I PRRSV and 84.9% to 100% amino
acid identity within type II PRRSV, but only about 45% iden-
tity between type I and type II genotypes (7, 8, 23, 28). These
results suggest that the nsp7-based ELISA could be able to
detect genotype-specific anti-nsp7 antibody responses.

Further validation of the nsp7-based ELISA showed good
sensitivity and specificity of the assay as determined by ROC
analysis. The two-graph ROC plots of both type I and type II
nsp7 ELISAs display the histograms of the uninfected and
PRRSV-infected populations and demonstrate minimal over-
lap of the two populations (Fig. 3). The overlap between the
two populations was attributed to eight samples from the type
I PRRSV-infected population and nine samples from the type
II PRRSV-infected population that had values below the es-
tablished cutoff. Closer examination of these 17 samples re-
vealed that all demonstrated strong background on the nega-
tive control well of the ELISA plate, which suggests that the
serum may contain other nonspecific components that inter-
acted with the secondary antibody. In addition, eight of these
samples were hemolyzed, which indicates that the serum col-
lection and processing steps were not completed under optimal
conditions. There were four samples from the negative popu-
lation that demonstrated positive results on the type I PRRSV
ELISA and three samples from the negative population show-
ing positive results on the type II PRRSV ELISA. The Idexx
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ELISA S/P values of these seven samples ranged from 0.2 to
0.3. This observation may support the practice by some veter-
inarians of using follow-up testing for any samples having an
S/P value greater than 0.20. We suspected that these samples
might be from a herd that had a history of PRRSV infection,
since the nsp7 ELISA was able to detect an antibody response
up to 202 days postinoculation.

Serology is a standard diagnostic and surveillance method
for determining if pigs have been exposed to PRRSV. Cur-
rently, the Idexx PRRS ELISA is the most widely used sero-
logical assay for determining the serostatus of swine herds.
However, positive Idexx ELISA results in otherwise seroneg-
ative herds cause concern for producers, which necessitates a
variety of follow-up assays to verify that the result is either
positive or negative. This indicates that there is still a need for
a reliable assay to identify the serological status of single re-
actors compared to herd reactors. While there is no standard
protocol to verify false-positive serological results for PRRSV,
most diagnostic laboratories use the IFA and/or virus neutral-
ization assays. However, the results from both of these assays
are affected by antigenic variation, and they may not detect a
serological response against antigenically diverse PRRSV iso-
lates, such as the European-like PRRSV strains, known as
North American type I isolates. The appearance of the type I
PRRSYV isolates in the United States also complicates the
diagnosis of PRRSV, as there is presently no standard sero-
logical assay that clearly differentiates between type I and type
II strains of PRRSV (7, 28). The movement of the swine
industry toward strategies to eliminate or eradicate PRRSV
will require an adequate serological diagnostic assay that can
detect acutely and persistently infected pigs, detect various
strains of PRRSV, and have the capacity to differentiate be-
tween type I and type II PRRSV isolates. The results gener-
ated in this study suggest that PRRSV nsp7 could be a poten-
tial new antigen for use in ELISA-based diagnostic assays. In
particular, using a target other than the N protein, any false
positives specifically associated with the N antigen would be
avoided.

In summary, our results showed that nspl, nsp2, and nsp7
induced high levels of antibody response during the course of
PRRSV infection. Among these three proteins, nsp7 is the
most suitable for diagnostic development, with the following
characteristics: (i) nsp7 is expressed as a soluble recombinant
protein in bacterial culture, which is convenient for ELISA
antigen preparation, especially when applied to diagnostic tests
dealing with massive numbers of diagnostic samples; (ii) the
PRRSV nsp7 protein coding region is more homologous
among different strains within the genotype than those of the
other two immunogenic proteins, nspl and nsp2; (iii) it is able
to detect antibody responses later than 126 days postinocula-
tion. The nsp7-based ELISAs showed good sensitivity and
specificity for identification and differentiation of type I and
type II PRRSV. Furthermore, the nsp7 dual ELISA resolved
98% of samples with suspected false-positive Idexx ELISA
results. Therefore, nsp7-based ELISA has the potential to
serve as an alternative or follow-up test for the Idexx ELISA.
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